Abstract. In order to predict the strength of FRP composite laminates, the finite element software ABAQUS user-defined subroutine usdfld and UMAT were developed based on the phenomenological analysis method and continuum damage theory, and the 3D solid models of FRP composite laminates were established. The uniaxial tensile and compressive strength analysis were performed respectively. The finite element results and experimental results were compared and analyzed. Results show that: the uniaxial tensile strength can be predicted accurately based on the phenomenological analysis method, while for the uniaxial compression strength the error is bigger; based on continuum damage theory, uniaxial compression strength can be predicted more accurately.
Introduction
Fiber Reinforced Plastic (FRP) composite laminates are more and more widely used in various fields because of the light weight, high strength, good designability, good durability and so on. Due to the anisotropy and inhomogeneity of the composite, its damage form is very complex [1] .FRP composite laminate is composed of many layers of matrixes, the failure of a single matrix does not represent the failure of the entire laminate, so the damage form is more complicated. How to predict the strength of composite laminates accurately has become a research focus in recent years.
At present, three methods are used to study the failure of FRP composite laminates: numerical simulation, experimental analysis and theoretical derivation.2004 Huang Zhengming [2] established the Bridging Modal theory based on mesomechanics, which the maximum stress theory was used to judge the tensile and compressive failure of the test material, and the ultimate strength of composite laminates was predicted accurately. 2011 X.L. Fan and T.J. Wang [5] studied the progressive damage failure of FRP composite sandwich structures under quasi-static conditions, and calculated the maximum contact force and damage regions with the finite element software ABAQUS, the results coincided with the experimental results well. 2012 Zhao Lin [6] established the prediction method for strength properties of composite materials, which was combined with the "unit cell" analytic model and the progressive damage analysis method. The method could predict the macroscopic strength and analyze the stress state of mesoscopic material component, and the damage propagation process of the mesoscopic component was also revealed. L. Zubillaga et al. [7] presented an energy based failure criterion for predicting matrix cracking induced delamination in laminated composites. The failure criterion is developing within the framework of Fracture Mechanics, by comparing the energy release rete available for delamination extension near a matrix crack and the fracture toughness of the interface. Found that the predicted failure loads agree well with experimental data. Chi-Seung et al. [8] proposed an evaluation method for the initial and progressive failure of composite laminates based on the Puck failure criterion and damage mechanics, respectively. The ABAQUS user-defined subroutine UMAT was developed to analyze the failure of composite laminates.
In this paper, the finite element software ABAQUS user-defined subroutine usdfld and UMAT were developed based on the phenomenological analysis method and continuum damage mechanics (CDM) method, and the 3D solid models of FRP composite laminates were established and the strength was analysed.
Finite Element Models of FRP Composite Laminates
The geometric model of composite laminates is shown in Figure 1 , W is the width of the laminate, L is the length, H is the thickness, and D is the diameter of the center hole. Fiber reinforced composites are used T300/1034-C and T300/976 respectively, and the material properties are shown in Table 1 . The corresponding finite element models were established for different layers, different sizes and different stress conditions. The specific models are shown in Table 2 and Table 3:   Table 2 . The specific size and layers of the composite laminates with uniaxial tension [10] . Table 3 . The specific size and layers of the composite laminates with uniaxial compression [11] . The coordinate origin is the symmetry center of composite laminated plates. The Z axis is the thickness direction, the X axis is the fiber direction and the Y axis is perpendicular to the fiber direction. In order to simulate the interaction between layers of composite laminates and consider the influence of the free edges of the laminates, the thickness of the single layer is taken as the thickness of the unit. Due to the stress concentration of the hole edge of the laminate, the initial 
Strength Analysis of Composite Laminates Based on the Phenomenological Analysis Method
A three dimensional solid model of composite laminate was established with finite element method, and its strength was analyzed under uniaxial tension and compression by ABAQUS user subroutine usdfld which included three dimensional Hashin strength criteria and the stiffness reduction scheme.
Three dimensional Hashin strength criteria are as follows: Fiber tensile or compressive failure:
Matrix tensile or compressive failure:
Delamination tensile or compressive failure:
In-plane shear failure:
where σ and σ are stress and strength respectively; subscript i or j can be 1,2,3; superscript c and t mean compression and tension respectively. Failure of composite laminates is a cumulative process. Different damage modes for the composite materials produce the corresponding degradation of the material properties and finally achieve complete failure. In this paper, the stiffness reduction scheme is as follows:
(1) Fiber tensile / compressive failure: All material parameters are multiplied by a reduction factor of 0.0001 , where i and j are the damage mode and the type of load respectively. For example, if F 0,the corresponding field variable is 0, it means that the shear failure of the matrix fibers did not occur in the material; if F 1, the corresponding field variable is 1, it means that the shear failure of the matrix fibers occurred in the material, so , , , should be multiplied by a reduction factor of 0.01. If there are multiple types of failure, the minimum value which has been reduced should be selected.
Based on the phenomenological analysis method, the strength of composite laminates with different sizes and layers was analyzed under uniaxial tensile / compressive loads, and compared with the experimental results. T300/1034-C and T300/976 laminates were used for tensile/compressive tests respectively. The test results are shown in the following tables: Figure 3 shows that the stress-strain curves are almost coincident before the initial damage appear for A1, A2, A3, A4 that have the same material and layers but different sizes. This indicates that the performance of laminates is independent of the size and is only related to the properties of the material itself at the initial stage. From the Table 4 , the errors between numerical simulation results and experimental results are small under uniaxial tension, so the model can accurately predict the tensile strength of composite laminates with different sizes and different layers.
Compared with the uniaxial tension, the coincidence degree of stress-strain curves is poor under uniaxial compression as shown in Figure 4 . The errors between numerical simulation results and experimental results are bigger under uniaxial compression from the Table 5 .The cause of the error is that composite laminates are prone to delamination failure under uniaxial compressive load, and the failure mode is more complicated.
Strength Analysis of Composite Laminates Based on CDM Theory
Fiber reinforced composite material as a kind of anisotropic elastic brittle solid material, its plastic deformation is very small. When subjected to a certain load, there will be a large number of random distribution of micro cracks, fiber breakage and interfacial debonding, etc., resulting in degradation of material properties, so the generalized Hooke's law is not suitable. Therefore, the internal damage state variables and the effective stress are introduced to consider the nonlinear constitutive relation of the damage.
UMAT subroutine mainly includes two aspects: the constitutive relation of materials and the renewal of Jacobi matrix. The stress state of integral point was obtained by ABAQUS finite element analysis, and then the failure judgment was made. If failure, calculate the internal damage state variable in the corresponding failure mode to measure the damage degree of the integral point, so get the constitutive relation of the damage case, and then calculate the stress again and repeated until the structure is destroyed.
Three dimensional Hashin strain failure criteria are as follows: Fiber failure:
Matrix failure:
Delamination failure:
According to the continuum damage theory and the progressive damage theory, the internal damage factor shall be determined by the material properties and the stress-strain state of the material when the material is in the failure criterion. With the increasing degree of deformation, the internal damage factor also gradually tends to completely destroy. In this paper, the exponential form is used to calculate the internal damage factor:
where d is the internal damage factor for different failure modes; F is the failure comprehensive factor of composite laminates, obtained from the corresponding failure criterion. m is the material influence factor of composite laminates, obtained by inversion of experimental results. Take Y1 as an example to explain the ultimate strength of composite laminates under uniaxial compression based on continuum damage theory. Figure 5 shows that, at 0.16s, initial matrix failure and initial fiber failure occurred in composite laminates. With the increase of load, the failure has also been extended. To 0.18s, matrix compression damage has been extended to the free edge, and the structure tends to failure. At 0.2s, due to the large area of the matrix damage failure, the overall structure occurred failure, and the curve rises to the maximum value.
Comparative Analysis
According to failure damage clouds produced by two different analysis methods, compare the similarities and differences between the phenomenological analysis method and the continuum damage mechanics. Figure 6 and 7 are damage clouds of 0° layer fiber failure and 90° matrix failure respectively under uniaxial tensile load, (a) image is based on the phenomenological analysis method and (b) image is based on the continuum damage analysis. The damage is nonreversible according to the extension of damage, and can only increase but not possible to reduce. Observing figure 6 and 7, we can see that the two methods get the same distribution of damage elements, which are 45° extended along the side of hole. But the damage cells are not continuous based on the phenomenological analysis method, which is not in conformity with the actual situation. In contrast, based on the continuum damage analysis method, the results are more accurate and consistent with the actual situation. ) image is based on the continuum damage analysis. We can see that the two methods get the same distribution of damage elements, but the damage area based on phenomenological analysis is slightly larger than that obtained by the method of continuum damage analysis. Both of the damage are extended to the free edge from the hole edge, but the difference is that the former shows the direction of 45°, the latter is perpendicular to the direction of the compression load. 
Conclusions
Through the comparison between the numerical simulation results and the experimental results, and the comparison between the two kinds of simulations, the following conclusions can be got:
(1) Based on the phenomenological analysis method, the FRP composite laminates can be predicted accurately under uniaxial tensile load, while there is a certain error under uniaxial compression.
(2) Based on the continuum damage theory, we can get the nonlinear constitutive relation of the material according to the material influence factor and the internal damage state variable. Finally, the results obtained under uniaxial compressive load are closer to the experimental results.
(3) At the same time, the influence of different sizes and different layers on the strength of composite laminates is analyzed and compared with the experimental results, which proves that the method can accurately predict the strength of composite laminates.
